We have previously shown that stretching cardiac myocytes evokes activation of protein kinase C (PKC), mitogen-activated protein kinases (MAPKs), and 90-kD ribosomal S6 kinase (p9OI"k). To Invest. 1995. 96:438-446.)
Introduction
Cardiac hypertrophy is an important cause of increased morbidity and mortality ( 1) . The hypertrophied heart exhibits impaired contraction and relaxation, and reduced coronary reserve after transient ischemia, both of which lead to higher mortality in heart failure and ischemic heart disease. Many lines of evidence have suggested that mechanical stress plays a key role in producing cardiac hypertrophy during hemodynamic overload (for a review, see reference 2). Both in vivo and in vitro studies have demonstrated that myocyte hypertrophy induced by pressure overload is characterized by the expression of some immediate early genes as an early event and of fetal type genes as a late event, as well as by an increase in protein synthesis (2) (3) (4) (5) (6) . While the outcome of hypertrophy has been extensively characterized, little is known concerning the signaling pathways that link the external mechanical stress and the cellular and nuclear events during hypertrophy. Effective prevention and regression of cardiac hypertrophy require a better understanding of the molecular mechanisms of cardiac hypertrophy.
External stimuli are generally transduced into the nucleus through the protein kinase cascade of phosphorylation. It has been reported that protein kinase C (PKC)' is activated by stretching cardiac myocytes (5) . Our recent studies have demonstrated that mitogen-activated protein kinases (MAPKs) are activated by mechanical stress during cardiac myocyte hypertrophy through both PKC-dependent and independent pathways (7) . The upstream activator of MAPKs is reported to be MAP kinase kinase (MAPKK) (8) (9) (10) , which is a dual-specificity protein kinase that phosphorylates MAPKs on both threonine and tyrosine residues within a conserved threonine-glutamic acid-tyrosine motif (11) . MAPKK is also activated by phosphorylation of two serine residues (12). Current candidates for this role in mammalian cells are the protooncogene protein kinase Raf-I kinase (Raf-I) (13) and (MAPK/extracellular signal-regulated kinase) kinase kinase (MEKK) (14) . Raf-I has been reported in many cell types to be activated through PKC-dependent and independent pathways (15) , and MEKK has been suggested to mediate primary signals originating from receptors that activate G proteins and PKC (14) . Activated MAPKs translocate into the nucleus and activate nuclear transcription factors such as c-myc, NF-IL6, and Elk-I (for a review, see reference 16). Moreover, 90-kD ribosomal S6 kinase (p90rsk) is reported to be a downstream enzyme of MAPKs ( 17) and to phosphorylate nuclear lamins (18) . These observations suggest that MAPKs and p9o0Tk play vital roles in transducing signals into the nucleus.
The aim of this study is to elucidate the signal transduction pathways in cardiac hypertrophy evoked by mechanical stress. For this purpose, we examined the activation of protein kinases such as Raf-1, MEKK, MAPKK, MAPKs, and p9o0k after stretching myocytes. Mechanical stress induces sequential phosphorylation and activation of these protein kinases in the order of Raf-1, MEKK, MAPKK, MAPKs, and p9O'". A growing body of data suggests that all components of renin-angiotensin system exist in the heart and that angiotensin H (Ang H) can induce cardiac hypertrophy (19) . Moreover, recent reports suggest that Ang H is involved in mechanical stress-induced cardiac hypertrophy (20) (21) (22) . In the present study, we then present the data suggesting that activation of the protein kinases by stretching myocytes is induced both through Ang H-dependent and independent pathways. While the activation of protein kinases by mechanical stress is partially dependent on PKC, Ang H, which may be secreted by stretched myocytes into the culture media, induces activation of protein kinases in a mostly PKCdependent manner. (23) . Stretching of myocytes was conducted as described previously (5, 6) . In brief, cardiac myocytes were plated at a field density of 1 x 105 cells/cm2 on silicone rubber culture dishes. The culture medium was changed 24 h after seeding to a solution consisting of DME containing 0.1% FBS. Cardiac myocytes were stretched by 20%, and lysed on ice with buffer A containing 25 mM Tris-HCl, 25 mM NaCl, 1 mM sodium orthovanadate, 10 mM NaF, 10 mM sodium pyrophosphate, 10 mM okadic acid, 0.5 mM ethylene glycol-bis (baminoethyl ether) N,N,N',N'tetraacetic acid (EGTA), and 1 mM phenyl-methyl sulfonyl fluoride. Stretch and control experiments were carried out simultaneously with the same pool of cells in each experiment to match for temperature, CO2 content, or pH of the medium between stretched and control cells.
Methods
Assay of MAPKKK activity of Raf-J or MEKK. Both Raf-l and MEKK have been reported to have MAP kinase kinase kinase (MAPKKK) activity (13, 14) . MAPKKK activity was assayed by measuring the phosphorylation of recombinant MAPKK fused to glutathione S transferase (rMAPKK) (24) . The rMAPKK fusion protein was made by inserting mouse MAPKK1 cDNA into pGEX-2T vector. Total cell lysates or the immunoprecipitates with 20 jig/ml of anti-Raf-l antibody (a-raf) or 10 Ag/ml of anti-MEKK antibody were incubated with the substrate (100 ,g rMAPKK) and 2 ILCi [-y-32P]ATP in buffer B containing 25 mM Tris-HCl (pH 7.4), 10 mM MgCl2, 1 mM DTT, 40 ,M ATP, 2 lM protein kinase inhibitor peptide, and 0.5 mM EGTA for 30 min at 25°C. After incubation, rMAPKK was collected using glutathione beads and electrophoresed on a 7% polyacrylamide gel. The gel was dried and subjected to autoradiography. a-raf is an affinity-purified rabbit polyclonal antibody raised against the COOH-terminal 12 amino acid peptide (CTLTTSPRLPVF) of rat Raf-l, which recognizes c-raf, but not B-raf and A-raf (25) . Anti-MEKK antibody is also an affinitypurified rabbit polyclonal antibody against the carboxy-terminal 22 amino acids of mouse MEKK and reacts with rat MEKK by immunoblotting and immunoprecipitation (data not shown).
Assay of MAPKK activity. MAPKK activity was assayed using recombinant MAPK fused to maltose binding protein (rMAPK) as described previously (26) . In brief, to separate MAPKK from endogenous MAPKs, cell lysates were applied to Q-sepharose column and flowthrough fractions were immunoprecipitated with 25 j.g/ml of MAPKK antibody which is an affinity-purified polyclonal antibody raised against the NH2-terminal 16 amino acid peptide (PKKKPTPIQLNPNPEG) of Xenopus MAPKK and termed anMAPKK (26, 27) . The immunoprecipitates were incubated with the substrate (100 jsg rMAPK) in buffer B for 30 min at 25TC. rMAPK was collected using amylose resin and was electrophoresed on a 7% polyacrylamide gel. The gel was dried and subjected to autoradiography.
Phosphorylation of MAPKs. The extracts of cardiac myocytes were separated by SDS-PAGE. After electrophoresis, the proteins were electrotransferred onto Immobilon-P membrane using a Milli Blot-SDS system (Nihon Millpore Ltd., Tokyo, Japan). The unoccupied protein binding sites on the membrane were blocked by 3% BSA in buffer containing 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.1% Triton X-100 for 1 h at room temperature. The membrane was incubated with 10 jig/ml of anti-MAPK antibody, aY91 (28) , for 10 h at 4°C. aY91 is also an affinity-purified rabbit polyclonal antibody raised against the 21 amino acid sequence deduced from the rat MAPK cDNA (28) . After washing, the membrane was incubated for 1 h with alkaline phosphatase-coupled second antibody, and developed using the ProtoBlot immunoblotting system according to the manufacturer's instructions.
Assays of p9Orsk activity. The activity of p9Onk was measured as previously described (7, 29) . The immunoprecipitates from the lysates of cardiac myocytes with 10 jig/ml of anti-p90'k antibody (arsk(m)c) (29) (15 tl) were spotted on 1.5 x 1.5 cm squares of P81 paper. The papers were washed five times for at least 10 min each in 0.5% phosphoric acid, then in acetone, and dried. The 32p uptake was measured by Cerenkov counting method. arsk(m)c is also an affinitypurified rabbit polyclonal antibody against the amino acid sequence deduced from the cDNA of mouse S6 kinase II (29) .
Phosphorylation of Raf-1. Phosphorylation of Raf-1 protein was examined by Western blot analysis. Myocyte lysates were electrophoresed on a 7% polyacrylamide gel, blotted onto a nitrocellulose sheet, and incubated with a-raf. The immune complexes were detected by the alkaline phosphatase method as described before (7) .
Assay ofRaf-J autokinase activity. Cardiac myocytes were lysed in buffer A, and Raf-l was immunoprecipitated with a-raf. The autophosphorylation activity of Samples were separated by SDS-PAGE, and activity was detected by autoradiography.
Kinase assays of aY91-immunoprecipitates in myelin basic protein (MBP)-containing gels after SDS-PAGE. MAPK activity was measured using MBP-containing gels as described previously (7) . In brief, MAPKs were immunoprecipitated with aY91 in the presence of 0.15% of SDS, and was electrophoresed on an SDS-polyacrylamide gel containing 0.5 mg/ml MBP. MAPKs were denatured by 6 
Results
Mechanical stress up-regulates MAPKKK activities. We have previously shown that mechanical stress increases the activity of MAPKs (7) . MAPKs are reported to be activated by another protein kinase MAPKK (8) (9) (10) , the activity of which is regulated by MAPKKKs (14) . Both Raf-I and MEKK have been reported to have MAPKKK activity (13, 14) . To examine the upstream enzyme of MAPKs, the activity of MAPKKKs in total cell lysates was first analyzed by examining the phosphorylation of rMAPKK (Fig. 1, A (Fig. 3, lane b) . The shift of the 42-kD band was first observed at 2 min after stretch (lane c). The band was maximally shifted at 10 min (lane e). The shift gradually decreased thereafter, and returned to control levels at 60 min after stretch (data not shown). We also measured the MAPK activity using MBP-containing gels. MAPK activity was also maximally increased 8 min after stretch and returned to control levels at 60 min after stretch (reference 7, data not shown). This observation is consistent with the notion that phosphorylation of MAPKs reflects their activation (11). Mechanical stress activates p90sok. MAPKs phosphorylate and activate p9o0k, a cytosolic kinase that can phosphorylate the nuclear lamins (18) . Our preliminary data showed that stretching of myocytes for 10 min increases p90ok activity (7).
In the present study, we extensively examined the time course of stretch-induced p9orhk activation (Fig. 4) activity and to be activated by phosphorylation, which can be detected by its shift of electrophoretic mobility (13, 15) . We therefore examined hyperphosphorylation of Raf-1 by Western blotting using a-raf. Although there was no significant change in the mobility of Raf-1 in cardiac myocytes stretched for 0.5 or 1 min (Fig. 5, lane b and c) increased Raf-1 autokinase activity as shown in Fig. 6 A. Autokinase activity of Raf-1 peaked at 1 min and returned to the control level 12 min after stretch (Fig. 6, A and B) . Secondly, we examined Raf-1 activity using rMAPKK as a substrate. The immunoprecipitates with a-raf were incubated with rMAPKK and [y-32P] ATP, and the incorporation of 32p into rMAPKK was examined. A rapid increase in MAPKKK activity was observed in the a-raf immunoprecipitates from stretched cells for 2 min (Fig. 7, lane b) , indicating that mechanical stretch increased the MAPKKK activity of Raf-l.
Stretch-induced activation ofRaf-J occurs via PKC-dependent and independent pathways. We have previously reported that mechanical stress induces MAPK activation via both PKCdependent and independent pathways (7). It has been reported in other cells that there are also two pathways for Raf-1 activation, PKC-dependent and independent pathways (15). We therefore examined whether Raf-1 activation by stretching of cardiac myocytes is associated with the activation of PKC.
When myocytes were pretreated with 10-7 M 12-O-tetradecanoylphorbol-13-acetate (TPA) for 24 h, TPA itself failed to activate Raf-1 activity, suggesting that phorbol ester-sensitive PKC was completely depleted (data not shown). In these pretreated cardiocytes, activation of Raf-1 by stretch was decreased by -50% as compared with the kinase activity in stretched myocytes without pretreatment (Fig. 7, lane b and c) . Since the stretch-induced MAPK activation was also partially supa ,.
G. pressed by the down-regulation of PKC (7), there may be two pathways, PKC-dependent and independent pathways, in stretch-induced signaling cascade of protein kinases and the two pathways may converge at the level of Raf-1.
Stretch-induced activation ofRaf-1 and MAPKs is partially dependent on external Ang II. Recently, it has been reported that Ang II is secreted from cardiac myocytes by stretch (31), and our preliminary data suggest that the increase in MAPK activity and c-fos gene expression by stretch are dependent on Ang 11 (32) . We therefore examined the role of Ang II in the mechanical stress-induced signaling cascade. When cardiac myocytes were incubated with IO-7 M Ang II for 2 min, significant activation of Raf-I was observed (Fig. 8, Ang II (Fig. 9 A, lane d; and Fig. 9 B, lane d). Pretreatment with Ang II type 2-receptor antagonist, PD123319, had no effect on stretch-induced activation of Raf-1 and MAPKs (data not shown). These results suggest that there are two transduction pathways for mechanical stress, Ang 11-dependent (through type 1 receptor) and independent pathways.
Ang II-induced MAPK activation is dependent on PKC. We have previously shown that a PKC inhibitor, 2 nM staurosporine, which completely abolished the effect of 10-6 M TPA, partially suppressed the activation of MAPKs induced by stretch (7) . Taken together, these results suggest that both PKC and external Ang 11 are involved in part in stretch-induced activation of the signaling pathway from Raf-I to MAPKs. Then we examined the relationship between PKC and Ang 11. We analyzed the effect of PKC on MAPK activation by Ang 11 using a PKC inhibitor, staurosporine. As shown in Fig. 10, A and B, Ang 11 (10-6 M) increased the activity of both 42-kD and 44-kD MAPKs, which was almost completely blocked by pretreatment with staurosporine (2 nM for 30 min). Addition of TPA ( 10-6 M) did not activate MAPK activity on this condition. Similar results were obtained using PKC-down-regulated cardiac myocytes (data not shown). Taken together, these results suggest that while there are two pathways, PKC-dependent and independent, for stretch-induced protein kinase cascade of phosphorylation, Ang II-induced signaling pathways are triggered mainly by the activation of PKC.
Stretch causes MEKK activation. Recently, MEKK as well as Raf-1 has been reported to activate MAPKK (13, 14) . We examined whether stretch can also induce MEKK suggesting that not only Raf-1 but also MEKK is activated during mechanical stretch-induced hypertrophy. Stretch induces an increase in phenylalanine incorporation into myocytes via both PKC-dependent and independent pathways. We have previously shown that stretching of myocytes increases phenylalanine incorporation into cells, suggesting that mechanical stress directly induces cardiac cellular hypertrophy (5, 6). To examine whether PKC is involved in stretch-induced cardiac hypertrophy, we measured the relative amount of protein synthesis after stretch in the presence or absence of staurosporine. As shown in Fig. 12 , stretch by 20% for 24 h stimulated an amino acid incorporation by -1.5-fold. This increase was only partially suppressed by pretreatment with 2 nM staurosporine. These data suggest that the cellular hypertrophy is also induced by mechanical stress both through PKC-dependent and independent pathways.
Discussion
In the present study, we investigated the signaling pathways which are evoked by mechanical stress in neonatal rat (Figs. 7 and 11 ). These results may imply that stretching of cardiac myocytes activates multiple signal transduction pathways such as tyrosine kinases, G proteins, and PKC, which is consistent with the previous report (36) . Although it is difficult to compare the activities of two different kinases, since much more (-fivefold) activation of Raf-1 was observed compared with that of MEKK by mechanical stress in cardiac myocytes, Raf-1 was used for further analyses.
It has been recently reported that PKCa activates Raf-l as well as MEKK by direct phosphorylation and that the phosphorylated site of Raf-l by PKCa differs from that by the p21 ras mediated signal (37) . It has also been shown that 1, 25-dihydroxy vitamin D3 actually stimulates Raf-1 via a PKC-dependent pathway (38) . In the present study, we demonstrated that mechanical stress activates Raf-1 in cardiac myocytes. Stretching of cardiac myocytes hyperphosphorylated Raf-l (Fig. 5) , and increased Raf-l autokinase (Fig. 6) and MAPKK phosphorylation activities (Fig. 7) . This Raf-l activation by mechanical stress was partially suppressed by PKC down-regulation (Fig.  7) . In many cell types, a variety of mitogens activate p21l. and Raf-1, and the inhibition of p21 ras function abolishes activation of Raf-l by mitogens (39) , suggesting that p21 ras exists upstream of Raf-I in the signal transduction pathway. Recently, p21 ' has been reported to be activated in cardiac myocytes by mechanical stress (36) . Taken together, the PKC-independent activation of Raf-1 by cardiocyte stretch may be induced through p21 ras activation.
Although there is no direct evidence proving that the MAPK cascade is involved in the stretch-induced hypertrophic responses, many studies in noncardiac cells as well as cardiac cells suggest that MAPK cascade play a critical role in growth responses. Thorburn et al. (40) showed that phenylephrine induced the gene expression of atrial natriuretic factor in the cardiocytes and this induction depends on the activation of MAPKs. MAPK has been reported to phosphorylate many proteins including c-myc, c-jun and p62TCF (c-fos) which are known to be activated during cardiac hypertrophy (2, 16) . Ras which is one of upstream signaling molecules for MAPK cascade has been shown to be necessary and sufficient for hypertrophic response (41). These observations raise the possibility that the MAPK cascade may be important in the hypertrophic response of the heart. Development of specific MAPK inhibitors or dominant negative MAPK mutants would elucidate this possibility.
Recent evidence has suggested that Ang II plays an important role in cardiac hypertrophy (20) (21) (22) . Ang II shows direct stimulatory effects on increased protein synthesis in cultured cardiac myocytes (42, 43) . Ang II infusion at subpressor doses induces left ventricular hypertrophy in adult rats (44) , and cardiac hypertrophy of spontaneous hypertensive rats is prevented by low doses of an Ang II type 1 receptor antagonist (32) . Moreover, hypertrophic events such as specific gene expression and activation of PKC and MAPKs induced by mechanical loading resemble those induced by Ang II (5-7). It has been reported that mechanical stretch induces secretion of Ang II from cardiocytes (31) . In the present study, stretchinduced activation of Raf-I and MAPKs was in part inhibited by pretreatment with a type 1 Ang II receptor antagonist. Since the amount of the antagonist used in the present study was sufficient to suppress the maximal effect of Ang II, other factors different from Ang II may be involved in Raf-l and MAPK activation.
Mechanical stress induced Raf-1 activation, which was in part suppressed by the down-regulation of PKC (Fig. 7) . In the previous paper, we have shown that activation of MAPKs by stretch was also only partially suppressed by a PKC inhibitor, staurosporine (7) . On the contrary, Ang II-evoked activation of Raf-1 and MAPK, and the increase in c-fos mRNA expression and protein synthesis were completely blocked by PKC down-regulation or staurosporine (Fig. 10, A and B and reference 43). Although the signals evoked by mechanical stress mimic those by Ang II, there are some differences in the signal transduction pathways between mechanical stress and Ang II. In short, mechanical stress activates MAPK cascade both via PKC-dependent and independent pathways, while MAPK activation by Ang II is mostly dependent on a PKC pathway.
The protein kinase cascade activated by mechanical stress is composed of PKC, Raf-l, MEKK, MAPKK, MAPKs, and p9Orsk (Fig. 13) . Stretch stimulus induces the activation of Raf- 
